A numerical three-dimensional contact model is presented to investigate the contact behavior of multilayered elasticperfectly plastic solids with rough surfaces. The surface displacement and contact pressure distributions are obtained based on the variational principle with fast Fourier transform (FFT)-based scheme. Von Mises yield criterion is used to determine the onset of yield. The effective hardness is modeled and plays role when the local displacement meet the maximum displacement criterion. Simulations are performed to obtain the contact pressures, fractional total contact area, fractional plastic contact area, and surface/subsurface stresses. These contact statistics are analyzed to study the effects of the layer-tosubstrate ratios of stiffness and hardness, surface roughness, and layers thickness of rough, two-layered elastic/plastic solids. The results yield insight into the effects of stiffness and hardness of layers and substrates, surface roughness, and applied load on the contact performance. The layer parameters leading to low friction, stiction, and wear are investigated and identified.
INTRODUCTION
Layered structures are commonly used in engineering practices, ranging from micro/nano devices to macro devices. The deposition of thin layers, ranging from a few nanometers to a few microns, is an effective way to improve the tribological properties of contacting surfaces [1] because it affects the maximum contact pressure, the real area of contact and surface and subsurface stresses, which contribute to friction and wear of two contacting rough surfaces [2] . A lower contact pressure, smaller real area of contact, and lower surface and subsurface stresses are generally preferred to minimize friction/stiction and wear. Appropriately chosen layers can reduce coefficient of friction and wear rate without having to change the bulk material. The use of these layers often requires the deposition of supporting interlayer to provide the necessary adhesion and toughness, which makes the design of a multilayered solid necessary.
Several numerical models, 2D [3, 4] and 3D [5, 6, 7, 8] have been developed to study the contact mechanics of single layered contact problem. Fast Fourier Transformation (FFT) is commonly used to speed up the computation. In order to solve a large and possibly ill-conditioned influence matrices, variational principle was introduced by Tian and Bhushan [1996] for a homogeneous solid contact problem. This variational approach was extended by Peng and Bhushan [2001] who used the Papkovich-Neuber potentials to derive the influence matrix to compute the contact statistics of a 3D single layered rough surfaces contact model.
Single layered contact models do provide valuable information, however, it is hard to be practically used in the design of layered structures since many of the devices have multiple layers. In order to obtain optimal layers, e.g., a top layer possessing a longer life as well as lower friction, it is necessary to investigate friction and wear mechanisms of contact of multilayered solid with rough surfaces through theoretical or empirical analyses. The current work develops a model for the contact of rough, multilayered solid surfaces. The Papcovich-Neuber potentials are used to derive the influence coefficient matrices for multilayered solid which leads to a set of linear equations, and Gaussian elimination is used to solve these linear equations. And the Quasi-Newton method is used to solve for contact pressure distribution. Contact analyses are performed to identify optimum layer parameters in order to provide low friction/stiction and wear.
CONTACT MODEL
This model focuses on thin layers with thicknesses comparable with or less than the radius of contact. The real area of contact is considered only a small fraction of the surface areas of the contacting solids. The radius of individual contact is assumed to be much smaller than the radii of curvature of contacting asperities. The contact is frictionless. The layers are fully bonded without slipping or partial lifting. The adhesive forces are assumed to be negligible, no tension is allowed in the contact domain and the pressure can not be negative. The two contacting rough surfaces are considered as a composite surface. A physical model with coordinate systems setup for each of the layers and substrate separately is shown in Fig.1(a) and the randomly distributed contact spots are shown in Fig.1 (b) schematically. The variational principle is applied to the multilayered contact model to establish conditions which determine the real area of contact and the contact pressure uniquely and to enable the using of well developed techniques of optimization. The total complementary potential energy method is used for the application of this principle. For a rough surface contact, when the pressure distribution and the real area of contact are unknown, the problem then becomes to find the minimum value of an integral which equals to the total complementary potential energy of the contacting system [2] .
Influence coefficient matrices describe the pressuredisplacement and pressure-stress relationships in a layered solid under a unit load at one single point. Influence coefficient matrix relating to displacement is needed for solving the pressure using variational approach described earlier. The matrix relating to stresses is needed to calculate surface/subsurface stresses. For a solid with multiple layers, the influence coefficients are derived using Papkovich-Neuber potentials with FFT scheme.
Hardness which defines the local plastic contact is needed to conduct elastic-plastic analysis. An empirical effective hardness model [9] is incorporated in the current model. A contact point deforms plastically once the local contact pressure exceeds an effective hardness (H e ).
RESULT AND DISCUSSION
Four sets of simulations are performed to study the stiffness, normal contact pressure, surface roughness and hardness effects. Young's modulus of the substrate E 3 is taken as 100 GPa. The pressure is normalized by E 3 . Poisson's ratios are taken as 0.3 for all the cases. The hardness of the substrate is taken as 0.05E 3 . The ratio of the layers thickness to surface height deviation is taken as 10σ (h 1 / σ = h 2 / σ = 10) for the first three sets, and σ (h 1 / σ = h 2 / σ = 1) for the fourth set. In the first set, the ratios of the Young's modulus of the layers to that of the substrate vary. The simulation was also performed at a higher load. In the second set, at first the contact load was increased by ten times for a homogeneous solid and all conditions were same as the first set except that the σ and β * were varied. In the third set, the ratios of the hardness of the layers to that of the substrate are the same but differ in each sub-case. In the fourth set, the ratios of the hardness of the layers to that of the substrate vary.
Comparing to the homogeneous rough surface case, a rough layered solid with top compliant layers (E 1 / E 3 = E 2 / E 3 = 0.5) exhibits lower magnitudes of the maximum contact pressure and surface and subsurface stresses but increased the number of contact points (real area of contact). A rough layered solid with top stiff layers (E 1 / E 3 = E 2 / E 3 = 2) exhibits reversed observations. Given that the top layer and the substrate here have the same mechanical properties and all contacts are elastic, the maximum contact pressure, surface/subsurface stresses decrease and the real area of contact maintains with a compliant interlayer (E 1 / E 3 = 1, E 2 / E 3 = 0.5), whereas the contact pressure and stresses almost maintain and the real area of contact decreases with a stiff interlayer (E 1 / E 3 = 1, E 2 / E 3 = 2).
For various ratios of Young's modulus of the layers to that of the substrate, the maximum contact pressure and real area of contact are observed to increase with the increase of applied load. It is observed that the number of contact points decreases significantly with the increasing surface roughness, while the magnitudes of contact pressures, and surface/subsurface stresses grows quickly with surface roughness. For various ratios of hardness of the layers to that of the substrate, the hardness effect is easily to identify, and the trends are similar to that of the stiffness effects.
The analyses show that a hard top layer may be chosen in order to low friction and stiction. A properly designed interlayer may lead lower friction, stiction and wear.
CONCLUSIONS
The results show that the contact statistics is highly dependent on surface roughness, stiffness and hardness of the layer and the substrate, and the applied load. The compliant top layers decrease the maximum local contact pressure and the probable occurrence of plastic contact as compared to the homogeneous solid. However, it increases the real area of contact, whereas the stiff top layers have the opposite effects. Given that the top layer and the substrate have the same mechanical properties and all contacts are elastic, the maximum contact pressure, surface/subsurface stresses decrease and the real area of contact maintains with a compliant/soft interlayer as compared to homogeneous solid. The contact pressure, stresses almost maintain, and the real area of contact decreases with a compliant/stiff interlayer as compared to that of the single layered solid with stiff top layer. The hardness effects exhibit similar trends as that of the stiffness effects. It is observed that an increase of surface roughness and the use of a hard top layer lead to a decrease of the real area of contact, which is beneficial to minimize friction and stiction. A properly designed interlayer could be an effective way to decrease both of friction and wear.
